The neuromodulator dopamine plays an important role in synaptic plasticity. The effects are determined by receptor subtype specificity, concentration level, and the kind of neuroplasticity induced. D1-like receptors have been proposed to be involved in cognitive processes via their impact on plasticity. Cognitive studies in humans and animals revealed a dosage-dependent effect of D1-like receptor activation on task performance. In humans, D1-like receptor activation re-establishes plasticity under D2 receptor block. However, a dosagedependent effect has not been explored so far. To determine the impact of the amount of D1-like receptor activation on neuroplasticity in humans, we combined sulpiride, a selective D2 receptor antagonist, with the dopamine precursor L-DOPA (25, 100, and 200 mg) or applied placebo medication. The impact on plasticity induced by anodal and cathodal transcranial direct current stimulation (tDCS) was compared with the impact on plasticity induced by excitatory and inhibitory paired associative stimulation (PAS) at the primary motor cortex of healthy humans. Stimulation-generated cortical excitability alterations were monitored by transcranial magnetic stimulation-induced motor-evoked potential amplitudes. D1-like receptor activation produced an inverted U-shaped dose-response curve on plasticity induced by both facilitatory tDCS and PAS. For excitability-diminishing tDCS and PAS, aftereffects were abolished or converted trendwise into facilitation. These data extend findings of dose-dependent inverted U-shaped effects of D1 receptor activation on neuroplasticity of the motor cortex.
Introduction
Dopamine improves learning and memory formation in humans and animals (Floresco and Phillips, 2001; Flöel et al., 2005) . Dopamine's impact on neuroplasticity might help to explain these effects. Dopamine enhances long-term potentiation (LTP) and long-term depression (LTD) in animals, and LTP-/LTD-like plasticity in humans (Otani et al., 1998; Bailey et al., 2000) . Moreover, impaired cognitive functions (Dubois and Pillon, 1996; Grace et al., 1998) and deficient plasticity (Ueki et al., 2006; Hasan et al., 2012) , like those in Parkinson's disease and schizophrenia, are caused by dopaminergic dysfunction.
The dopaminergic impact on plasticity is complex and depends on dosage, kind of plasticity induction, and receptor subtypes. In humans, the dopaminergic impact on plasticity has been explored by noninvasive brain stimulation techniques, such as transcranial direct current stimulation (tDCS), and paired associative stimulation (PAS). tDCS induces polarity-dependent plasticity of the glutamatergic system not restricted to specific neuronal subgroups Stagg and Nitsche, 2011) . PAS induces neuron-specific glutamatergic plasticity of somatosensory-motor cortical connections, and the direction of plasticity depends on the synchrony of stimulation (Stefan et al., 2000 (Stefan et al., , 2002 Wolters et al., 2003) .
Dopamine has a nonlinear dose-dependent effect on neuroplasticity in humans (Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011) . Accordingly in animal experiments both insufficient and excessive dopamine impairs cognitive functions, while medium dopaminergic activity improves it (Brozoski et al., 1979; Murphy et al., 1996; Arnsten, 1997) . Furthermore, dopamine receptor subtypes have discernable effects on neuroplasticity. D2-like receptor stimulation revealed opposing results on LTP and LTD in animals (Chen et al., 1996; Otani et al., 1998; Manahan-Vaughan and Kulla, 2003) , hinting for additional dosage-dependency, which is supported by results of experiments in humans . In contrast, D1-like receptor activation enhanced LTP and LTD in animal experiments (Bailey et al., 2000; Gurden et al., 2000; Huang et al., 2004) , with the exception of one study, where LTD was reversed into a transient potentiated state (Mockett et al., 2007) . Furthermore, the D1 receptor is relevant for learning processes (Piri et al., 2013; Pina and Cunningham, 2014) . Because of the close connection between learning and plasticity, a better understanding of dosagedependency of D1 receptor activation on plasticity would be useful in exploring the physiological basis of the D1 receptor's contribution to learning and memory formation (Rioult-Pedotti et al., 1998) . However, so far, this issue has not been sufficiently explored. Since nonlinear effects of D1 activation on other cognitive processes, like working memory, are well known (Williams and Castner, 2006; Vijayraghavan et al., 2007) and associated with respective effects on cortical activity, similar mechanisms might be involved in how D1 receptors affect plasticity.
We explored dosage-dependent effects of D1-like receptor activation on plasticity of the primary motor cortex induced by tDCS and PAS. Because no selective D1 receptor agonist is available for human use, we blocked D2-like receptors with 400 mg of the D2 receptor antagonist sulpiride, and enhanced global dopaminergic activity with 25, 100, and 200 mg of L-DOPA. We hypothesized that D1-like receptor activation has a nonlinear effect on plasticity.
Materials and Methods
Subjects. Twelve right-handed, healthy subjects participated in each experiment [tDCS experiment: seven males, five females; age, 27.58 Ϯ 4.01 years (mean Ϯ SD); PAS experiment: seven males, five females; age, 26.91 Ϯ 4.23 years (mean Ϯ SD)]. Subjects had no history of acute or chronic medical diseases, had no metallic or electric implants in the body, and did not take medication during the study or Յ2 weeks before participating in the study. Only one occasional smoker (male) participated in the study, and participants denied the use of any recreational drug. Alcohol intake was not allowed Ն1 d before the experiment and coffee on the day of the experiment until the second day. Pregnancy was ruled out by a pregnancy test. Written informed consent was obtained from each subject before participation. The study was approved by the Ethics Committee of the University of Göttingen and conforms to the Declaration of Helsinki.
Monitoring of corticospinal excitability. Corticospinal excitability was monitored by peak-to-peak amplitudes of motor-evoked potentials (MEPs) induced by transcranial magnetic stimulation (TMS) of the motor cortex representation of the right abductor digiti minimi muscle (ADM). Single-pulse TMS generated by a Magstim 200 magnetic stimulator (Magstim) at a frequency of 0.25 Hz via a figure-eight magnetic coil (diameter of one winding, 70 mm; peak magnetic field, 2.2 tesla) was used to determine optimal coil position, which was defined as the site where stimulation consistently resulted in the largest MEP amplitudes. The coil was held tangentially on the scalp at an angle of 45°to the midsagittal plane with the handle pointing laterally and posteriorly. Electromyographic (EMG) recording was obtained from the right ADM with Ag-AgCl electrodes attached in a belly-tendon montage. Signals were filtered (30 Hz-2 kHz), amplified (Digitimer 360, Digitimer), and then stored on computer via a Power 1401 data acquisition interface (Cambridge Electronic Design). Analysis was performed using Signal Software (Cambridge Electronic Design). TMS intensity was adjusted to elicit baseline MEPs of averaged 1 mV peak-to-peak MEP amplitude and was kept constant for the poststimulation assessment unless adjusted (see below).
Plasticity induction by tDCS (Experiment 1).
For tDCS, we used a battery-driven constant current stimulator (NeuroConn) with a maximum output of 4.5 mA. We used two saline-soaked surface sponge electrodes each measuring 7 ϫ 5 cm to deliver the current. To achieve a functionally monopolar stimulation over the primary motor cortex, an enlarged return electrode could have been used . To keep the experimental design identical to those of former studies of our group , 2010 Thirugnanasambandam et al., 2011) , and because the size of the return electrode seems to have no impact on resulting motor cortex plasticity , we did not use such a large return electrode. The stimulating electrode was positioned over the cortical representational area of the right ADM in the motor cortex. The return electrode was positioned above the right supraorbital area. A current strength of 1 mA was administered for 13 min for anodal tDCS and 9 min for cathodal tDCS. This current induces cortical excitability alterations lasting for ϳ1 h after the end of stimulation (Nitsche and Paulus, 2001; Nitsche et al., 2003a).
Plasticity induction by PAS (Experiment 2).
Peripheral nerve stimulation with a Digitimer D185 stimulator (Digitimer) delivered an electrical pulse to the right ulnar nerve at the wrist level (cathode proximal) with an intensity three times higher than the sensory perceptual threshold (square waveform of 50 s duration) combined with single-pulse TMS. Peripheral nerve stimulation was followed by the TMS stimulus with interstimulus intervals of 10 (inhibitory PAS: PAS10) or 25 ms (excitatory PAS: PAS25). Ninety pairs of stimuli were administered at a frequency of 0.05 Hz for 30 min, which induces cortical excitability enhancement (PAS25) or reduction (PAS10) for ϳ1 h after stimulation (Stefan et al., 2000 (Stefan et al., , 2002 Wolters et al., 2003) .
Pharmacological Intervention. Ninety minutes before the start of the plasticity-inducing protocols, the subjects received at each experimental session low (25 mg), medium (100 mg), or high (200 mg) dosages of L-DOPA in fixed combination with the dopamine decarboxylase inhibitor benserazide (one-fourth the dose of L-DOPA) in combination with sulpiride (400 mg), or a placebo medication. At the time of plasticity induction, the drugs have reached peak plasma concentrations and have prominent effects in the CNS (Flöel et al., 2005; . These dosages of L-DOPA were used since in previous experiments they were shown to induce nonlinear effects on tDCS-induced and PAS-induced plasticity (Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011) . To prevent systemic side effects of L-DOPA, such as nausea and vomiting, subjects also received 20 mg of the peripheral-acting dopaminergic antagonist domperidone three times per day for 2 d before the experiment and also 2 h before L-DOPA intake. Twenty milligrams of domperidone alone exerts no effects on motor cortical excitability (Grundey et al., 2013) .
Experimental procedures. We conducted a double-blinded, randomized, and placebo-controlled study. Experimental sessions (eight sessions per subject; each subject participated in Experiment 1 or 2) were separated by an interval of Ն1 week to avoid interference effects. Each subject was seated on a reclining chair with head and arm support, and was asked to relax, but to keep their eyes open during the course of the experiment. EMG electrodes were placed at the right ADM using a belly-tendon montage. The motor cortex hotspot of the ADM representation was determined by TMS and marked with a skin marker. This was also done for the EMG electrodes to ensure their constant positioning throughout the experiment. Then the TMS intensity that resulted in a MEP amplitude of ϳ1 mV was identified. At least 25 MEPs were recorded as Baseline 1 with this stimulus intensity. Immediately after the baseline measurement, the participants received placebo medication or a combination of 25, 100, or 200 mg of L-DOPA together with 400 mg of sulpiride. After 90 min, another set of 25 MEPs (Baseline 2) was obtained to check for any druginduced change of MEP amplitudes. If Baseline 2 differed relevantly (Ͻ0.2 or Ͼ0.2 mV) from Baseline 1, TMS intensity was readjusted to produce stable MEP amplitudes of ϳ1 mV (Baseline 3). Then anodal tDCS (13 min), cathodal tDCS (9 min), PAS25, or PAS10 was applied. Following intervention, 25 MEPs were recorded at time points of 0, 5, 10, 15, 20, 25, 30, 60, 90 , and 120 min on the same day, and then again on the same evening, the next morning, the next afternoon, and the next evening ( Fig. 1) .
Data analysis and statistics. The individual MEP amplitude means of Baselines 1, 2, and 3 and all time points after plasticity induction were calculated. Postintervention MEP amplitudes were normalized to Baseline 2 only if Baseline 2 did not differ significantly from Baseline 1. Baseline 3 was used for normalization in those subjects where stimulation intensity had been adjusted. Then normalized MEP amplitudes from all subjects were pooled together sessionwise by calculating the grand average across subjects for each condition and time point. After checking for normal distribution (Shapiro-Wilk test), a repeatedmeasures ANOVA was performed for the time bins up to the next evening measurement after tDCS (Experiment 1) and PAS (Experiment 2), with the repeated-measure factors time course, direction of plasticity (anodal and cathodal tDCS, PAS25, and PAS10), drug dosage (25, 100, 200 mg of L-DOPA and placebo), the between-subjects factor stimulation paradigm (tDCS and PAS), and the dependent-variable MEP amplitude. Mauchly's test of sphericity was checked and Greenhouse-Geisser correction applied when necessary. If the ANOVA yielded significant results, post hoc comparisons (paired, two-tailed Student's t tests, p Ͻ 0.05, not adjusted for multiple comparisons) were performed to compare (1) the mean MEP amplitudes at all time points after tDCS or PAS versus Baseline 2 or 3 and (2) the mean MEP amplitude obtained at a specific time point for the various drug conditions against the respective placebo medication condition. Baselines 1, 2, and 3 MEP amplitudes were compared with test for any drug influence alone on cortical excitability, and to exclude baseline differences between medication/stimulation conditions before plasticity induction. Furthermore, we pooled standardized MEP amplitudes for the first 30 min after plasticity induction, and performed Student's t test (paired samples, two-tailed, p Ͻ 0.05) to compare the respective placebo medication conditions with the MEP amplitudes under real stimulation for all plasticity induction protocols.
Results
One hour after oral intake of 200 mg of L-DOPA together with 400 mg of sulpiride, three subjects experienced mild nausea. One subject vomited. The symptoms diminished after 10 -15 min. All subjects completed the respective session. No side effects were reported under both low and medium dosages of the drugs. The remaining subjects tolerated the drugs well.
Peak-to-peak amplitudes of baseline MEPs were not affected by the drugs ( p Ն 0.05, Student's paired, two-tailed t test; Table  1 ), and baseline MEP amplitudes and percentage of maximal stimulator output to achieve baseline amplitudes of ϳ1 mV did not differ between sessions (Student's t test, paired, two-tailed, p Ͼ 0.05; Table 1 ). The Shapiro-Wilk test indicated that the data were normally distributed (all p Ͼ 0.05). The ANOVA revealed significant effects of time course (df ϭ 14, F ϭ 2.706, p ϭ 0.001, 2 ϭ 0.197), drug dosage ϫ direction of plasticity (df ϭ 3, F ϭ 16.900, p Ͻ 0.001, 2 ϭ 0.606), direction of plasticity ϫ time course (df ϭ 14, F ϭ 3.642, p Ͻ 0.001, 2 ϭ 0.249), and drug dosage ϫ direction of plasticity ϫ time course (df ϭ 42, F ϭ 3.424, p Ͻ 0.001, 2 ϭ 0.237; Table 2 ).
Dose-dependent effect of D1 receptor activation on tDCS-induced neuroplasticity
Under placebo medication, anodal tDCS increased excitability compared with baseline significantly for Յ30 min after stimulation, while cathodal tDCS significantly decreased excitability for 2 h (Fig. 2 A, B) . Low-dosage L-DOPA abolished any excitability enhancement accomplished by anodal tDCS, compared with the respective baselines. A trend for enhanced MEP amplitudes can be identified for cathodal tDCS under lowdosage L-DOPA relative to baseline values, which resulted in significant differences versus the respective placebo medication condition. Under medium dosage of L-DOPA, anodal tDCS resulted in an excitability enhancement, which was significant 15 and 30 min after stimulation relative to baseline, as shown by the post hoc t tests, but not at the other time points, probably because of relatively large variability of the results. This excitability enhancement did not differ significantly from the respective placebo medication condition. For cathodal tDCS, medium dosage L-DOPA abolished any MEP alterations relative to baseline (Fig. 2 A, B) . High-dosage medication resulted in similar effects as low-dosage medication on tDCSgenerated excitability alterations. For anodal tDCS, MEP . Ninety minutes after drug intake, Baseline 2 (BL TMS 2) was recorded to look for an effect of the drug on cortical excitability. In case of any MEP alterations from Baseline 1, Baseline 3 (BL TMS 3) was recorded by adjusting the stimulator output to obtain a mean MEP amplitude of 1 mV. Then tDCS (anodal or cathodal) or PAS (excitatory or inhibitory) were administered, immediately followed by MEP after-measurements that covered 120 min. Additional after-measurements were performed at the same evening (SE), and the morning (NM), afternoon (NA), and evening (NE) of the second day following plasticity induction.
amplitudes did not differ from baseline values, but were significantly reduced relative to placebo medication 0, 5, 10, 20, and 120 min after tDCS (Student's t test, paired, two-tailed, p Յ 0.05). For cathodal tDCS, excitability was trendwise enhanced relative to baseline, and significantly different from cathodal tDCS-generated excitability reductions under placebo medication (Fig. 2 A, B) . For anodal tDCS, pooled MEP amplitudes 60 min after stimulation were significantly reduced compared with placebo medication under both lowdosage and high-dosage L-DOPA, while no reduction was observed under medium dosage (Fig. 4A) . For cathodal tDCS, the conversion into excitation under low and high dose, and the reduction of the excitability diminution under medium dose, were significant (see Fig. 4A ). No significant effects where found on the second day (see Fig. 4B ). In summary, L-DOPA combined with sulpiride dosage-dependently modified tDCS-induced excitability changes depending on stimulation polarity: whereas low and high dosages of L-DOPA together with sulpiride diminished and abolished anodal tDCS-induced facilitatory neuroplasticity, medium dosage preserved it; the cathodal tDCS-induced aftereffects were converted into facilitation under low and high dosage, and were abolished under the medium dosage.
Dose-dependent effect of D1 receptor activation on PAS-induced neuroplasticity
Under placebo medication, PAS25 increased excitability significantly compared with baseline until 90 min, whereas PAS10 decreased excitability for 1 h (see Fig. 3 A, B) . For excitatory PAS, low-dosage L-DOPA did not result in significant excitability alterations relative to baseline. However, inhibitory PAS enhanced MEP amplitudes significantly relative to baseline values 20 min after PAS. MEP amplitudes differed significantly from those under placebo medication, as shown by the results of the post hoc tests. Under medium-dosage L-DOPA, excitatory PAS resulted in a significant excitability enhancement versus baseline values for Յ30 min after stimulation, which did not differ from PAS25 effects under placebo medication. In contrast, MEP amplitudes after PAS10 were only significantly different from baseline values after 15 min, resulting in respective significant differences in relation to the placebo medication condition (Fig. 3 A, B) . Highdosage L-DOPA prevented aftereffects of PAS25 and PAS10 relative to baseline excitability; consequently MEP amplitudes differed significantly from those under placebo medication (Fig.  3 A, B) . Pooled MEP values for the first 60 min after inhibitory PAS were all significantly larger compared with the placebo medication condition, whereas for PAS25, MEP amplitudes were significantly less enhanced compared with placebo medication. However, in the latter condition, medium dosage of L-DOPA resulted in a clear enhancement of MEP amplitudes in relation to baseline (Fig. 4A) . The effect of L-DOPA on PAS25 was still significant compared with placebo on the second day, however less clear than immediately after stimulation (Fig. 4B) . To summarize the effect of D1 receptor activation by L-DOPA combined with sulpiride on PAS-induced plasticity, a dosage-dependent effect was observed depending on the type of stimulation: whereas low and high dose of L-DOPA abolished PAS25-induced neuroplasticity, medium dosage preserved it. On the other hand, the PAS10-induced aftereffects were abolished or trendwise facilitated under all dosages.
Discussion
The results show a nonlinear dosage-dependency of D1-like receptor activation on motor cortex plasticity. For facilitatory tDCS and excitatory PAS, low and high activation of D1-like receptors impaired plasticity, while moderate activation preserved it. For excitability-diminishing plasticity, D1-like receptor activation reversed all aftereffects of PAS trendwise into facilitation, whereas for tDCS, high and trendwise low D1-like receptor activation converted the excitability diminution into facilitation, while under medium dosage the inhibitory aftereffects were abolished. ity, which was however re-established by a medium dose (100 mg) of L-DOPA . The results of the present study suggest that an optimal level of D1-like receptor activation is required for the induction of LTP-like plasticity in the human motor cortex. This correlates with findings from single-cell recordings of the prefrontal cortex of monkeys (Vijayraghavan et al., 2007) , and cognitive task performance in awake behaving animals (Cai and Arnsten, 1997; Zahrt et al., 1997; Granon et al., 2000) . Vijayraghan and colleagues observed that the same group of PFC neurons dose-dependently respond to a D1 receptor agonist (SKP81297) during the delay period of a spatial working memory task. Low (10 nA) and high dosage (40 nA) marginally reduced neuronal firing rates and significantly suppressed delay-related activity of neurons that fire to preferred directions respectively, whereas moderate levels (15 nA) led to an enhancement in spatial tuning of mnemonic activity. Behaviorally, performance was improved by relatively low doses of selective D1 agonists, but larger doses impaired performance (Cai and Arnsten, 1997; Zahrt et al., 1997) . The results of the present study imply that D1 receptor activation has similar nonlinear dosagedependent effects on plasticity, which might affect learning and memory formation. With regard to involved mechanisms, we can only speculate at present. However, three facts suggest that the glutamatergic and GABAergic systems are relevant (Durstewitz and Seamans, 2008) : (1) tDCS as well as PAS induce plasticity of glutamatergic synapses (Stefan et al., 2002; Nitsche et al., 2003b Wolters et al., 2003) ; (2) tDCS alters GABAergic activity (Stagg et al., 2009) ; and (3) D1 and D2 receptors have a specific impact on NMDA and GABAergic receptors. D2 receptors inhibit glutamatergic and GABAergic activity (Seamans and Yang, 2004) such that their block by sulpiride will enhance activity of both systems. D1 receptors enhance glutamatergic and GABAergic activity. However, only in highly active neurons is the impact on glutamate larger than that on GABA (Seamans and Yang, 2004) . Thus, for low-dosage L-DOPA under sulpiride, synergistic strengthening of GABAergic activity by D2 receptor block and D1 receptor enhancement might abolish glutamatergic tDCS-induced and PAS-induced plasticity. Alternatively, the activation of presynaptic D1 autoreceptors, which reduce dopamine release in animal experiments, might have abolished plasticity (Pennartz et al., 1992; Momiyama et al., 1996) , or the minor D1 receptor activation might not have been sufficient to overcome the plasticityabolishing effect of D2 receptor block accomplished by sulpiride .
For the medium dosage, enhanced D1-like receptor activation preserved the excitatory effect of anodal tDCS and PAS25. This is probably due to the predominant NMDA receptor-enhancing effect of optimal D1-like receptor stimulation (Seamans and Yang, 2004) . The reason high-dosage L-DOPA abolished both the effects of anodal tDCS and PAS25 may be traced to (1) excessive activation of glutamatergic receptors, which can activate hyper- polarizing potassium channels (Misonou et al., 2004) and thus be detrimental for LTP induction; or to (2) D1-induced enhancement of GABA-evoked currents (Flores-Hernandez et al., 2000) .
D1-like receptor stimulation effects on inhibitory stimulation paradigms
The effect of D1-like receptor activation on LTD-like plasticity, similar to the effect on LTP-like plasticity, follows an inverted U-shaped curve, but not in such a clear, unambiguous way. D1 receptor activation dose-dependently abolished or trendwise converted LTD-like plasticity. With respect to the medium dosage, these effects are not in full accordance with those found in a previous study, where 100 mg of L-DOPA combined with sulpiride only trendwise reduced the effects of cathodal tDCS, and had no impact on PAS10-generated plasticity ). This might be due to differences in baseline dopamine concentration between subjects (Cools and D'Esposito, 2011) or to other factors, like genetic polymorphisms. However, the results of the present study agree in principle with those of an animal slice experiment, where LTD was transiently converted into a potentiation via D1-like receptor activation (Mockett et al., 2007) .
With regard to putative mechanisms, again predominant GABA receptor activation or activation of D1 autoreceptors under low-dosage medication might have abolished plasticity induction. For the medium and high L-DOPA dosages, a shift to predominant glutamatergic receptor activation accomplished by more efficient D1 receptor activation might have resulted in intracellular calcium concentrations too large to elicit LTD-like plasticity, but too low to induce LTP-like plasticity (Lisman, 2001) . Generally, D2 receptor block might have favored a D1-like receptor "biased" system, which favors facilitation. This is in accordance with electrophysiological recordings from D2 receptordeficient mice, where conversion of LTD to LTP occurs (Cepeda et al., 2001) . However, future studies should explore mechanisms of action more directly.
General remarks
For tDCS and PAS, D1 receptor activation has a specific effect on plasticity, which is discernable from that of D2 ) and global dopamine activation (Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011) . Neither D2 nor D1 activation alone can explain all global dopamine effects. A focusing effect on facilitatory plasticity (i.e., a strengthening of synaptic subgroup-specific LTP-like plasticity, but conversion of nonspecific LTP-like plasticity) was only accomplished by medium-dosage global dopaminergic stimulation, but not by selective D1-like or D2-like activation. Here, synergistic activities of the respective receptor subtypes might be needed. The nonlinear effects of D1 receptor stimulation on facilitatory plasticity might help explain its impact on cognitive performance, especially with regard to learning and memory formation. Low and high receptor activation might reduce performance via its compromising effect on plasticity, whereas optimal activation should preserve it. This hypothesis awaits testing in future studies. However, respective nonlinear effects of D1 receptor stimulation have been demonstrated for their impact on working memory and acute neuronal activity. Targeting the D1 receptors for improving cognitive functions could be an alternative treatment for Parkinson's disease (Cools, 2006) , where dopamine depletion and excess cause deficits (Gotham et al., 1988) . Likewise, in schizophrenia, where a relationship between prefrontal dopamine function and the integrity of working memory has been proposed, targeting D1 receptors might be relevant . Some limitations of our study should be mentioned. With regard to the mechanistic explanation of the results, the proposed modes of action are speculative at present. Furthermore, the indirect approach we had to choose for the activation of D1 receptors bears the risk that the activation of receptors other than D1 receptors (e.g., D3, D4, and D5 receptors) by L-DOPA contributed to the results. A primary involvement of D3 receptors is improbable. The predominant D3 receptor agonist ropinirole had different effects in another study , and not only D2, but also D3 receptors are blocked by sulpiride. Furthermore, individual differences in baseline dopamine level might limit comparability of results obtained with different subject groups. This might explain minor deviations of the results of the present study, compared with previous ones. However, our subject group was fairly homogenous and demographic characteristics were comparable to those of the subjects in the other studies Monte-Silva et al., 2010; Thirugnanasambandam et al., 2011) . The results of the present study might not, however, be completely transferable to groups with other demographic characteristics. In older subjects, baseline dopamine is lower, which might affect the dosage-dependency of the effects (Floel et al., 2008) . Blinding might have been compromised in four subjects suffering from mild nausea or vomiting after high-dose L-DOPA in single sessions. Multiple sessions, blinded tDCS and PAS protocols, medication, and identical aftermeasurement durations in all conditions should have guaranteed blinding of most of the participants. Finally, we did not obtain drug plasma levels, which would have enabled exploration of dosage-dependent and gene polymorphism-dependent effects of the medication in greater detail Kristin et al., 2013) . Further studies are needed to explore the specific contribution of D1-like receptor stimulation on cognition in humans. Given the prominent effects of D1-like receptor activation on plasticity in humans, an important impact of this receptor on cognition in humans can be expected.
